Introduction
The transition of a normal cell to a neoplastic one requires the accumulation of multiple genetic alterations (Weinberg, 1989; Fearon and Vogelstein, 1990) . Despite the large number of gene mutations identi®ed in various human cancers and the study of mouse models mimicking these mutations, the functional interdependency of these mutations in the development of cancer has not been extensively assessed. Leukemia is a cancer of blood precursor cells. Leukemic transformation involves alterations in the regulation of cell proliferation and self-renewal, survival, and terminal dierentiation. Clues to genes involved in the pathogenesis of leukemia have come from studies of retroviral insertional mutagenesis in mice and the identi®cation of fusion genes at sites of chromosomal translocations in human leukemic cells. Some alter growth signaling pathways (e.g., the t(9;22) product Bcr-Abl in chronic myeloid leukemia), however, many result in aberrant expression of transcription factors that are predicted to alter the normal hematopoietic dierentiation program. The mouse model of Friend retrovirus-induced erythroleukemia has long been an excellent system for determining how viral and host cellular genes contribute to leukemic transformation (Ben-David and Bernstein, 1991; Hoatlin and Kabat, 1995; Ruscetti, 1999) . As several genetic changes have been identi®ed in Friend erythroleukemia this system oers the potential to determine whether the functional properties of multiple oncogenes cooperate to initiate and maintain leukemic transformation.
Friend virus is a retroviral complex composed of a replication-defective spleen focus-forming virus (SFFV) and a replication-competent Friend murine leukemia virus (F-MuLV). Acute erythroleukemia is due to the replication-defective SFFV component (Wol and Ruscetti, 1985) . The early, or ®rst, stage of Friend erythroleukemia is manifest by a polyclonal increase in the number of erythroid progenitor cells that leads to an elevation in the number of circulating terminally dierentiated red blood cells (i.e., elevated blood packed cell volume or hematocrit). Within these infected progenitor cells the SFFV envelope protein F-gp55 physically associates with the erythropoietin receptor (EpoR) at the cell surface, activating EpoR signaling pathways independent of erythropoietin (Epo) (Li et al., 1987; Li et al., 1990) . These infected cells have limited self-renewal capacity, however, as they retain the capacity for terminal dierentiation.
Malignant, erythroleukemic clones emerge approximately 5 weeks following infection (Mager et al., 1981) . The emergence of these malignant clones marks the second stage of Friend disease. These cells are blocked in their ability to dierentiate into mature red blood cells, and are capable of transferring leukemia into recipient transplanted mice. In addition, they exhibit long-term growth factor-independent proliferation in culture, ex vivo. The second stage in Friend virus-induced erythroleukemia involves deregulated expression of the transcription factor PU.1, an ets gene family member, due to integration of a SFFV provirus within the PU 1 gene locus (Moreau-Gachelin et al., 1988; Moreau-Gachelin et al., 1989; Paul et al., 1989; Paul et al., 1991) . Following expansion of PU.1 over-expressing clones, inactivating mutations in the suppressor oncogene p53 also occur (Mowat et al., 1985) , however, p53 mutations appear to be late events and may not be required for leukemic transformation, in vivo (Howard et al., 1993; Tran Quang et al., 1997; Barnache et al., 1998; Kelley et al., 1998) .
In normal proerythroblasts progenitor cells a low level of PU.1 protein is present (Hromas et al., 1993) . As these cells mature PU.1 production is shut o, suggesting that persistence of PU.1 protein is not compatible with continued erythroid dierentiation (Hromas et al., 1993) . In contrast the fully transformed erythroleukemia clones isolated from Friend virus-infected mice contain high levels of PU.1 protein (Schuetze et al., 1992) . Accumulating evidence suggests that the level of PU.1 protein present in Friend erythroleukemia cells is an important factor contributing to the transition from the preleukemic ®rst stage to the leukemic second stage of Friend disease (Schuetze et al., 1993; Moreau-Gachelin et al., 1996) . In addition, persistent expression of high levels of PU.1 may also be required to maintain the leukemic phenotype. During DMSO-induced erythroid dierentiation of Friend erythroleukemia cell lines one of the early events is a marked decline in the level of PU.1 protein expression (Schuetze et al., 1992) . However, when Friend erythroleukemia cells contain an exogenous plasmid that constitutively expresses PU.1, DMSO-induced dierentiation is blocked (Yamada et al., 1997) .
Recently it was shown in cultured avian erythroblasts that activation of the EpoR by receptor mutations or through association with F-gp55, but not Epo, was required for over expression of PU.1 to block erythroid dierentiation (Tran Quang et al., 1997; Pereira et al., 2000) . Due to the nature of these studies leukemogenicity could not be assessed, and how these pathologic modes of EpoR activation cooperate with PU.1 was not determined. Herein we show in mice that concurrent expression of the F-gp55 and PU.1 cooperate to accelerate induction of both the early and late stages of Friend erythroleukemia. We found that activation of the EpoR by F-gp55, but not Epo, resulted in transcriptional upregulation of PU.1 and this occurred in the absence of an integrated SFFV provirus within the PU.1 gene locus, demonstrating that SFFV can regulate PU.1 promoter activity through a trans regulatory mechanism.
Results
Concurrent expression of F-gp55 and PU.1 in murine erythroid progenitor cells, in vivo, accelerated both stages of Friend erythroleukemia
To determine if SFFV activated EpoR signals cooperate with PU.1 to induce erythroleukemia in mice we asked whether co-expression of both oncogenes in the same target cell, in vivo, would alter the kinetics of leukemia induction. Recombinant SFFV retroviruses that expressed both F-gp55 and PU.1, Fgp55 alone, or PU.1 alone were generated (Figure 1a ). To distinguish retrovirally derived PU.1 protein from endogenous PU.1 protein a myc-epitope was introduced at the N-terminus of retrovirally derived PU.1. All three retroviruses were of equivalent titer, and transduced the expected gene products following infection of tissue culture cells (data not shown).
Mice were infected and weekly hematocrit determined ( Figure 1b ). Mice infected with F-gp55/PU.1 virus developed earlier onset of erythrocytosis compared to mice infected with F-gp55 virus (Figure 1b: 2 weeks versus 3 weeks), while mice infected with PU.1 retrovirus did not exhibit any alteration in red blood cell numbers. This result indicated that concurrent transduction of F-gp55 and PU.1 into erythroid target cells accelerated the ®rst stage of Friend disease.
To determine whether the transition to the second stage of Friend disease (i.e., leukemic transformation) was altered, sets of mice were sacri®ced each week following infection and splenic cells placed in methylcellulose cultures lacking any added Epo (Figure 1c ). Compared to F-gp55 infected mice Epoindependent leukemic cells developed, ex vivo, at earlier times following infection with F-gp55/PU.1 virus (Figure 1c : 5 weeks versus 3 weeks, respectively). Mice infected with the PU.1 retrovirus did not develop splenomegaly nor did splenic cells give rise to any Epo-independent colonies (data not shown). To con®rm that the appropriate gene products were expressed in infected mice, immunoblots of protein extracts from the spleens of retrovirally-infected mice were performed (Figure 1d ). This analysis demonstrated that F-gp55 and myc-PU.1 were expressed in the appropriate infected spleens (Figure 1d ). Collectively, these results indicated that concurrent transduction of F-gp55 and PU.1 into erythroid target cells accelerated the development of the second stage of Friend disease.
Activation of the EpoR by F-gp55, but not Epo, resulted in increased PU.1 transcription, independent of SFFV proviral integration
To determine whether signals arising from a F-gp55 activated EpoR, versus Epo activated EpoR, aected PU.1 activity we ®rst developed cell lines in which the only dierence was the mode of EpoR activation. We chose the IL3-dependent myeloid cell line 32D. 32D cells express endogenous PU.1 protein, do not express GATA-1 (which can interact with PU.1 and inhibit its transcriptional activity (Zhang et al., 1999; Rekhtman et al., 1999) ), and do not express the EpoR (Beckman et al., 1999) . The derivation and characterization of the 32D.EpoR cells, which proliferate in response to added Epo, have been previously described (Beckman et al., 1999) . Infection of 32D.EpoR cells with SFF-gp55 retrovirus led to the establishment of Epo-independent cells: 32D.EpoR/F-gp55 cells. Immunoblot analysis of protein extracts from these cells demonstrated that F-gp55 was expressed (Figure 2a ).
Since overexpression of PU.1 is required for erythroid transformation in Friend erythroleukemia we determined whether the level of PU.1 mRNA present in 32D.EpoR cells and 32D.EpoR/F-gp55 cells diered. Introduction of the EpoR alone into 32D cells did not aect PU.1 transcription as 32D.EpoR cells grown in Epo and parental 32D cells expressed the same level of PU.1 RNA (not shown). RNase protection assays were performed (Figure 2b ). 32D.EpoR/F-gp55 cells cultured in IL-3-containing media or media lacking exogenous growth factors contained dramatically increased levels of PU.1 mRNA (Figure 2b ). The addition of high concentrations of Epo to 32D.EpoR/F-gp55 cells did not further increase the elevated levels of PU.1 mRNA present in these cells (data not shown).
To determine if the increased PU.1 mRNA present in 32D.EpoR/F-gp55 cells was due to de novo transcription, nuclear run-on assays were performed (Figure 2c ). This analysis demonstrated that the increased PU.1 mRNA in 32D.EpoR/F-gp55 cells was indeed due to activation of transcription of the PU.1 gene ( Figure 2c , row 2). The upregulation of PU.1 mRNA in 32D.EpoR/F-gp55 cells was not due to a general increase in transcription or mRNA stability as the level of glyceraldehyde-3-phosphodehydrogenase (GAPDH) mRNA was not dierent between the two cell lines (Figure 2c , row 1). In addition, there was minimal dierence in the transcription rate of Cytokine Inducible SH2-containing protein (CIS), an Epoinduced JAK/STAT responsive gene (Yoshimura et al., 1995) , indicating that in 32D.EpoR/F-gp55 cells transcriptional upregulation of PU.1 was relatively speci®c.
In Friend erythroleukemia cells integration of an SFFV provirus in the PU.1 gene locus is thought to activate transcription of PU.1 (Moreau-Gachelin et al., 1988; Moreau-Gachelin et al., 1989; Paul et al., 1991) . To determine if this mechanism could be responsible for the increase in transcription of PU.1 observed in 32D.EpoR/F-gp55 cells, Southern blot analysis of the PU.1 gene locus in these cells was performed ( Figure  2d (Moreau-Gachelin et al., 1989) . The mobility of molecular size markers, in kilobases, is shown on the left Therefore, proviral integration could be excluded as a mechanism responsible for increased PU.1 transcription in 32D.EpoR/F-gp55 cells.
To determine if PU.1 transcriptional upregulation occurred in primary erythroblasts expressing F-gp55, mice were infected with SFF.F-gp55 virus and TER119+erythroblasts isolated from the spleen 1 or 2 weeks following infection (Vannucchi et al., 2000) . To control for the increase in splenic erythroblasts found in SFF.F-g55-infected, some uninfected mice were treated with phenylhydrazine, which induces a hemolytic anemia and a responding increase in erythroblast production. TER-119+erythroblasts were isolated from the spleens of these mice. Total mRNA was analysed by a PU.1 Northern blot (Figure 3 ). There was little PU.1 mRNA present in primary erythroblasts from phenylhydrazine treated mice ( Figure 3 , lanes 1 and 2). In contrast, the PU.1 mRNA levels in splenic erythroblasts were increased by 1 week after infection with SFF.F-gp55, and further increased by week 2 following infection ( Figure 3 , lanes 3 and 4). The PU.1 mRNA levels present in splenic erythroblasts 1 ± 2 weeks following SFFV infection were much less than that found in the established Friend erythroleukemia cell line, MEL, however. Furthermore, the early increase in PU.1 mRNA in SFF.Fgp55 infected splenic erythroblasts occurred before detectable clonal erythroleukemic cell lines could be established, ex vivo ( Figure 1c ). This result demonstrated that during the early polyclonal erythroblastosis phase of Friend erythroleukemia activation of the EpoR by F-gp55 in primary erythroblasts resulted in a small, but signi®cant increase in PU.1 transcription, as was observed in the model 32D cell line system ( Figure 2) .
Next we asked whether the activity of a PU.1 promoter-reporter plasmid was enhanced in cells, whose proliferation resulted from activation of the EpoR by F-gp55. 32D.EpoR and 32D.EpoR/F-gp55 cells (Figure 4b ) and Friend erythroleukemia MEL cells ( Figure 4c ) were transiently transfected with a minimal murine PU.1 promoter (7334, Figure 4a ) driving expression of luciferase. Transfection eciency was normalized to beta-galactosidase expression derived from a co-transfected CMV-beta-galactosidase plasmid, and results presented as relative luciferase units (RLU). As a negative control cells were also transfected with an inactive PU.1 promoter-luciferase plasmid (77, Figure 4a ). Both 32D.EpoR/F-gp55 and MEL cells exhibited a robust capacity to upregulate PU.1 transcription in trans (Figure 4b,c) . In contrast, Epo-stimulated 32D.EpoR cells did not activate the PU.1 promoter.
These results indicated that activation of the EpoR by F-gp55, but not Epo, resulted in transcriptional upregulation of PU.1, and that this could occur in the absence of any proviral integration within the PU.1 gene locus. This transcriptional upregulation of PU.1 was accomplished by an in trans mechanism and was observed in primary erythroblasts cells during the early phase of Friend erythroleukemia.
A functional F-gp55 activated EpoR signal was required for PU.1 transcriptional upregulation in Friend erythroleukemia cells Accumulating evidence indicates that F-gp55 activated EpoR signals dier from Epo activated EpoR signals (Tarr et al., 1997; Muszynski et al., 2000; Nishigaki et al., 2000) . Speci®cally F-gp55/EpoR activated PKC activity is required for proliferation of Friend erythroleukemia cells . To determine if a F-gp55/EpoR activated signal was required for transcriptional upregulation of PU.1, Friend erythroleukemia MEL cells were transiently transfected with the minimal PU.1 promoter-luciferase plasmid, then treated with, or without staurosporine (a PKC inhibitor), and luciferase activity determined. Staurosporine mediated inhibition of PKC activity in MEL cells resulted in a 40% reduction in proliferation rate, without any increase in cell death ( Figure 4d , and not shown). Increasing concentrations of staurosporine resulted in progressively decreased PU.1 transcriptional activity in MEL cells (Figure 4e ), whereas the level of F-gp55 protein was not aected by staurosporine treatment (not shown). This result indicated that a functional F-gp55/EpoR proliferative signal was required for upregulation of PU.1 transcription in Friend erythroleukemia cells. 
PU.1 transcriptional regulation in Friend erythroleukemia cells
Increased PU.1 transcription following activation of the EpoR by F-gp55 prompted an analysis of PU.1 promoter activity in Friend erythroleukemia cells. Regulation of PU.1 gene expression in myeloid, and lymphoid cell lines has been previously investigated (Chen et al., 1995; Chen et al., 1996) , however little is known of the mechanisms regulating PU.1 expression (7334) and CMV.betagalactosidase plasmid in a 10 : 1 ratio, then grown in the presence of increasing concentration of staurosporine for 26 h. Results were normalized to beta-galactosidase activity and protein levels and reported as the relative luciferase units (RLU). Results represent the mean and the standard deviation from the mean for three to four independent experiments in MEL cells. Reporter plasmids containing deletion mutations of the PU.1 promoter (Figure 5a ) were transiently transfected into MEL cells. Transfection eciency was normalized to beta-galactosidase activity from a co-transfected CMV.beta-galactosidase plasmid. Hela cells and ®broblast cell lines, which do not express PU.1 mRNA, did not activate luciferase activity when transfected with the minimal PU.1 promoter (Chen et al., 1995 and data not shown) . Removal of the 7334 to 761 region of the PU.1 promoter had little eect upon transcriptional activity in MEL cells, however, further deletion of the 761 to 748 region resulted in an enhancement in transcriptional activity, suggesting the presence of repressor activity conveyed by the 7334 to 761 region of the PU.1 promoter in MEL cells (Figure 5b) . The major positive regulation of PU.1 transcription in MEL cells appeared to reside in the 748 to 77 region as deletion of this region resulted in a complete loss in activity (Figure 5b) .
To explore the contribution of speci®c transcription factors to the trans regulation of the PU.1 promoter in MEL cells, cells were transiently transfected with PU.1 promoter reporter plasmids containing disabling point mutations in the Octamer binding site, Sp1 binding site, and the PU.1 binding site (Figure 5c ) (Chen et al., 1995) . PU.1 binding site mutations reduced transcriptional activity by ®vefold, whereas mutations in the Octamer and Sp1 binding sites had little eect ( Figure  5d ). These results indicated that PU.1 autoregulation of PU.1 transcription was important for the transregulation of PU.1 transcription in Friend erythroleukemia cells.
In Friend erythroleukemia cells PU.1 transcriptional regulation differed depending upon the level of PU.1 protein During the preleukemic stage of Friend erythroleukemia PU.1 levels are low and cells retain the capacity for terminal dierentiation, whereas in the leukemic stage Friend erythroleukemia cells express high levels of PU.1 and are blocked in their ability to dierentiate. During both stages the EpoR is activated by F-gp55. Results were normalized to beta-galactosidase activity and protein levels and reported as the relative luciferase units (RLU). Results represent the mean and the standard deviation from the mean for three to four independent experiments MEL cells are representative of the leukemic stage of disease. Our analysis of PU.1 transcriptional regulation in MEL cells indicated that PU.1 autoregulated its own transcription. Therefore, we asked whether the transcriptional regulation of the PU.1 gene in MEL cells was aected by the level of PU.1 protein present in these cells. A short period (17 h) of DMSO treatment decreased PU.1 levels in MEL cells without any alteration in proliferation rate, survival, or dierentiation (Figure 6b , right panel, and not shown). MEL cells were transiently transfected with the minimal PU.1 promoter-luciferase plasmid or a PU.1 promoterluciferase plasmid containing a disabling point mutation in the PU.1 binding site (Figure 6a) , then treated for 17 h with DMSO, and the relative luciferase activity determined (Figure 6b) . The mimimal PU.1 promoter showed similar levels of activity in the absence or presence of DMSO, indicating that PU.1 protein levels did not in¯uence its transcription rate. In contrast, transcription from the mutant promoter was increased following DMSO treatment and concomitant downregulation of PU.1 protein levels (Figure 6b : from 17% activity of the minimal promoter to 58% activity).
In a second approach we made use of another Friend erythroleukemia cell line, MEL-B8/3. This particular erythroleukemic cell line contains low basal levels of PU.1 protein, that can be increased following the introduction of a Zn-inducible PU.1 plasmid (Figure 6c , right panel) (Yamada et al., 1997) . A similar analysis of PU.1 promoter activity was then performed in these cells ( Figure 6c ). As observed in MEL cells, in MEL-B8/3 cells containing low levels of PU.1 the transcriptional activity of the PU.1 binding site mutant promoter was increased relative to cells expressing high levels of PU.1 (from 25% activity of the minimal promoter to 50% activity). These results suggested that under conditions of low PU.1 levels (analogous to the early stage of Friend erythroleukemia) PU.1 autoregulation is not a major regulatory mechanism. Thus, the mechanisms regulating PU.1 transcription may dier during the early and late stages of Friend erythroleukemia disease.
Discussion
In this report we demonstrate that the env gene, Fgp55, of SFFV cooperates with PU.1 to accelerate erythroleukemia induction in mice. Both the time to the development of erythroblastosis (preleukemic ®rst stage) and erythroleukemic transformation (leukemic second stage) were shortened, relative to mice infected with a retrovirus expressing F-gp55 alone. This was not due to increased F-gp55/PU.1 virus proliferation, in vivo, as the rate of virus replication or spread was not signi®cantly dierent than that found in mice infected with F-gp55 virus (not shown).
To determine whether F-gp55 activated EpoR signals aected PU.1 activity we ®rst developed model mouse cell lines, using 32D cells, in which the only dierence was the mode of activation of the EpoR (either F-gp55 or Epo). In these cells, we found that activation of the EpoR by F-gp55, but not Epo, resulted in increased transcription of PU.1 through a trans regulatory mechanism, and this occurred in the absence of an integrated SFFV provirus within the PU.1 gene locus. In support of these conclusions: RNase protection and nuclear run-on transcription assays indicated that increased transcription of PU.1 occurred in 32D cells in which the EpoR was activated by F-gp55, but not by Epo. By Southern blot analysis of the PU.1 gene locus in these cells there was no evidence of an integrated SFFV provirus. Results of transient PU.1 promoter reporter gene analysis indicated that the increase in PU.1 transcription was regulated in trans.
Importantly, transcriptional upregulation of PU.1 was also evident in primary splenic erythroblasts isolated from early stage Friend virus infected mice (prior to the detection of clonal erythroleukemic cells), thereby con®rming the observations from the model 32D cell line in a physiologically relevant context. In addition, the minimal PU.1 promoter was also active in Friend erythroleukemia cells, demonstrating trans regulation of PU.1 also occurs in erythroleukemic cells. Finally, a functional proliferative signal generated by F-gp55 activation of the EpoR was required for PU.1 promoter trans activation in Friend erythroleukemia cells as inhibition of PKC activity blocked this response.
The transregulation of transcription of the PU.1 oncogene by a pathway involving activation of EpoR by F-gp55 suggests a mechanism to explain the observed cooperativity of these oncogenes in Friend erythroleukemia induction, in vivo. Other examples of transregulation of transcription during retroviral oncogenesis have been described. Bovine leukosis virus (BLV) and human T-cell lymphotropic virus (HTLV) do so via the virally encoded transactivator protein tax (Rosen et al., 1985) (Sodroski et al., 1984) . The U3 region of the LTRs of Moloney MuLV LTR and Feline leukemia virus give rise to an RNA product that appears to regulate transcription of a number of genes in trans (Choi and Faller, 1995) (Ghosh and Faller, 1999) . These latter viruses are slow transforming viruses whereas Friend virus is an acute transforming virus. Since F-gp55 is a transmembrane protein that activates a mitogenic signal through an interaction with the EpoR at the cell surface (Li et al., 1995) , signals emanating from an F-gp55 activated EpoR, not direct regulation of nuclear transcription (as described for BLV, HTLV, and M-MuLV), lead to increased PU.1 transcription.
The increase in transcription of PU.1 following activation of the EpoR by F-gp55 was speci®c to PU.1 as there was minimal dierence in the transcriptional rate of Cytokine Inducible SH2-containing protein (CIS), an Epo-induced JAK/STAT responsive gene (Yoshimura et al., 1995) in 32D EpoR/F-gp55 cells versus 32D EpoR cells grown in Epo. This suggests that an EpoR activated signaling pathway other than, or in addition to, the JAK/STAT pathway is required for PU.1 induction. Accumulating evidence indicates that the signaling pathways activated following interaction of the EpoR with F-gp55 dier from those activated following engagement of the EpoR by Epo. The cell surface organization of the EpoR diers when activated by F-gp55 compared to activation by Epo (Tarr et al., 1997) . While constitutive activation of Stat proteins, Ras/Raf-1-MAPK pathway, PI3K path- (b) MEL cells were transfected with 7334 or 7PU.1 promoter reporter plasmid and CMV.beta-galactosidase plasmid in a 10 : 1 ratio, then treated with (+) 1.5% DMSO or without (7) for 17 h. Results were normalized to beta-galactosidase activity and protein levels and reported as the relative luciferase units (RLU). Results represent the mean and standard deviation from the mean for three to four independent experiments. White columns represent 7DMSO treatment. Black columns represent+DMSO treatment. Panel on the right is an immunoblot analysis for PU.1 protein levels in cells following DMSO treatment (+) or without DMSO treatment (7). Equal amounts of total protein were loaded in each lane. (c) MEL-B8/3 cells were transfected as described in (b) and then treated with 100 uM ZnCl 2 (+) or not (7) for 17 h. Results were normalized to beta-galactosidase activity and protein levels and reported as the relative luciferase units (RLU). Results represent the mean and standard deviation from the mean for three to four independent experiments. White columns represent+Zn treatment. Black columns represent 7Zn treatment. Panel on the right is an immunoblot analysis for PU.1 protein levels in cells following Zn treatment (+) or without Zn treatment (7). Equal amounts of total protein were loaded in each lane way, the lipid phosphatase SHIP, and PKC occur in SFFV infected erythroid cells, tyrosine phosphorylation of the EpoR and activation of JAK2 appear to not be required for proliferation of SFFV infected cells (Muszynski et al., 1998; Muszynski et al., 2000; Nishigaki et al., 2000) . Activation of PI3K signaling pathways in SFFV infected cells occurs through tyrosine phosphorylated Insulin Receptor SubstrateRelated (IRS) adapter proteins (Nishigaki et al., 2000) . The protein kinase responsible for phosphorylating these IRS adapter proteins, in SFFV-infected cells, are unknown but a recently identi®ed truncated isoform of Stem Cell Kinase (Stk) or RON kinase as being responsible for conferring sensitivity to Friend disease makes this an attractive candidate (Persons et al., 1999) . Possibly as a result of these dierences novel signaling pathways, or diering activities of common signaling pathways, contribute to SFFV induced Epoindependent erythroid proliferation.
Most Friend erythroleukemia cell lines contain an SFFV provirus integrated 5' of the PU.1 gene, in a reverse orientation relative to the PU.1 promoter. This observation led to the hypothesis that enhancer elements present in the LTR of SFFV activates PU.1 transcription, although direct experimental support for this model is lacking (Moreau-Gachelin et al., 1988; Moreau-Gachelin et al., 1989; Paul et al., 1989; Paul et al., 1991) . This model is typical of many leukemogenic retroviruses with long latency periods (e.g., 6 ± 12 months) (Jonkers and Berns, 1996) . SFFV is an acutely transforming retrovirus, however, resulting in leukemia within 5 ± 6 weeks following infection. In the myeloid cell line 32D, F-gp55 activated EpoR signals stimulated PU.1 transcription in the absence of any proviral element within the PU.1 gene locus. However, myeloid cells dier from erythroid progenitors (i.e., the target cell for transformation by SFFV) in that the PU.1 gene is already transcriptional active (Chen et al., 1995) . In early proerythroblasts a low level of PU.1 protein is present. As these cells further mature PU.1 production is shut o, suggesting that persistence of PU.1 protein is not compatible with erythroid dierentiation (Hromas et al., 1993) . Possibly SFFV proviral insertion within the PU.1 gene locus during the evolution of Friend erythroleukemia may, in part, alter chromatin structure allowing for PU.1 transcription to persist. Fgp55 activated EpoR signals may then contribute, in part, to the increase in PU.1 transcription necessary to transform erythroblasts. In support of this possibility we observed that trans regulation of PU.1 transcription was also present in MEL cells, a fully transformed Friend erythroleukemia cell line containing an integrated SFFV provirus in the PU.1 gene locus.
Our analyses of transcriptional regulation of the PU.1 promoter in established Friend erythroleukemia cell lines suggests that, it is regulated from two sites dependent upon the level of PU.1 protein present. When PU.1 protein levels are high, PU.1 promoter auto regulation was apparent. In cells containing low levels of PU.1 protein PU.1-site dependent auto regulation of PU.1 promoter was signi®cantly diminished. In the setting of low levels of PU.1, possible modulation of the repressive activity associated with the 7334 to 761 region of the minimal PU.1 promoter may contribute to the persistent activity of the PU.1 promoter.
Thus, in the early, preleukemic stage of Friend erythroleukemia the PU.1 promoter may be activated in a PU.1-independent manner by an EpoR/F-gp55 signal. As the disease progresses clones containing an integrated SFFV provirus in the PU.1 gene locus expand and the level of PU.1 protein present reaches a threshold after which PU.1 autoregulates PU.1 transcription, thereby maintaining high levels of PU.1 protein, necessary to maintain the transformed phenotype. The importance of the PU.1 site to the regulation of PU.1 transcription in myeloid cells has been previously proposed (Chen et al., 1995) , however, the contribution of the PU.1 site to the regulation of PU.1 transcription in Friend erythroleukemic cells was more pronounced than in myeloid cells. Determining the relative contributions of cis (e.g., SFFV proviral insertion) and trans (e.g., F-gp55/EpoR signals) regulation of PU.1 transcription in Friend erythroleukemia induction is clearly important.
PU.1 contributes to erythroid transformation through an interaction with the erythroid determining factor GATA-1, inhibiting its DNA-binding capacity (Rekhtman et al., 1999; Zhang et al., 1999) . The relative levels of PU.1 and GATA-1 are important for this eect. We found that PU.1 protein stability is signi®cantly decreased in Friend erythroleukemia cells compared to non-transformed myeloid progenitors (data not shown). Since a reduction of PU.1 protein levels in Friend erythroleukemia cells results in terminal dierentiation (Schuetze et al., 1992) , cis (proviral insertion) and trans (activation of the EpoR by F-gp55) transcriptional regulation of the PU.1 gene may both be required to maintain high levels of PU.1 protein necessary for the erythroid dierentiation arrest and promotion of their survival. Our results suggest that the action of F-gp55 contributes to both early and late stages of Friend erythroleukemia and that persistence of F-gp55 expression may be required not only to initiate erythroleukemia but also to maintain erythroleukemia following Friend virus infection.
Materials and methods

Cell lines
The derivation of 32D.EpoR cells has been described (Beckman et al., 1999) and these cells were maintained in RPMI-1640 containing 10% Fetal bovine serum (FBS) (RPMI/10%FBS), supplemented with human Epo (0.5 to 1.0 U/ml). Infecting 32D.EpoR cells with SFF.F-gp55 retrovirus and selecting for all cells that grew in media lacking Epo generated 32D EpoR/F-gp55 cells. MEL-B8/3 cells containing a Zn-inducible expression plasmid of PU.1 (Yamada et al., 1997) were maintained in RPMI/10% FBS media. MEL-745 cells were grown in Dulbecco's Modi®ed Eagle's Media (DMEM) with 10% FBS, and 44 mM sodium carbonate (Sigma, St. Louis, MO, USA). All cells were grown at 378C in 5% CO 2 .
Retrovirus production, infection of mice, and analysis
The F-gp55 env gene fragment from a polycythemic strain of SFFV was subcloned into the pSFF vector (Bestwick et al., 1988) to generate pSFF.F-gp55. An internal ribosomal entry site (IRES) myc-tagged murine PU.1 cassette was subcloned into the EcoR1 site of pSFF to generate pSFF.PU.1. To generate pSFF.F-gp55/PU.1, the polycythemic F-gp55 env gene from SFFV was subcloned into an Xho1 site, 5' to the IRES-PU.1 cassette, in pSFF.PU.1. The sequences of all subcloned fragments were con®rmed by DNA sequencing. The preparation of retroviruses was carried out as previously described (Longmore and Lodish, 1991) . Six week old, female NIH/Swiss mice were infected, intravenously, with the above retroviruses (including replication competent, nonpathogenic, helper virus, R-MuLV) as previously described (Longmore and Lodish, 1991) (Longmore et al., 1994) . Following infection blood hematocrit were determined each week for 8 weeks. For tumorigenic assays, mice were sacri®ced at various times following infection, the spleen isolated, and a mononuclear splenic cell population generated. Spleen cells were then cultured in murine methylcellulose media (Stem Cell Technologies, Vancouver, Canada), without any additional cytokines. After 7 to 10 days in culture, transformed erythroid colonies were identi®ed and counted. To con®rm the erythroid nature of these colonies, cytospins were performed, stained with Wright-Giemsa (Sigma, St. Louis MO, USA), and examined microscopically. In vivo rates of viral replication were determined, and compared, by titering serum from infected mice. Viral titer was determined by measuring the eciency of each virus to transduce F-gp55 into ®broblasts.
Cell purification
Mice were treated with phenylhydrazine (PHZ) 60 mg/kg intraperitoneally on day 72 and day 71, and on day 2 or day 3 mice were sacri®ced and the enlarged spleens isolated. Other mice were infected with SFF.F-gp55 virus, and sacri®ced 1 or 2 weeks post infection and the spleens isolated. Splenic mononuclear light density cells were isolated on Ficoll-Paque gradients, adherent cells discarded, B and T cells depleted with Dynabeads (Dynal AS, Oslo, Norway), and TER-119 splenic erythroblasts isolated (Vannucchi et al., 2000) .
RNase protection assays
Total RNA was prepared from exponentially growing cultures using TriReagent (Molecular Research Center, Inc.). RNase protection probes corresponding to the murine PU.1 coding region or nucleotides 9-105 of the murine GAPDH coding region were synthesized in the presence of 32 P-UTP (800 m Ci/mmol; Amersham) using the Maxiscript kit (Ambion), following the manufacturer's instructions, and puri®ed. RNase protection assays were performed with 10 ug RNA using the RPA III Ribonuclease protection assay (Ambion) following the manufacturer's instructions. The results were analysed by electrophoresis on 5% acrylamide gels containing 8 M urea followed by autoradiography.
Nuclear run-on transcription assays
Nuclei were isolated from 10 8 cells in exponential growth phase. Cells were lysed in buer containing 0.5% Triton X-100, 10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl 2 and incubated on ice for 5 min. Nuclei were pelleted by microcentrifugation for 1 min and resuspended in an equal volume of storage buer (40% glycerol, 50 mM Tris-HCl pH 8.0, 5 mM MgCl 2 , 0.1 mM EDTA). For run-on transcription assays, 100 ul of nuclei (@ 3.3610 7 ) were mixed with 100 ul 26reaction mix (50 mM HEPES pH 7.4, 5 mM MgCl 2 , 5 mM DTT, 150 mM KCl, 10% glycerol, 0.7 mM ATP, 0.7 mM CTP, 0.7 mM GTP, 0.8 uM UTP) containing 2 m Ci/ml 32 P-UTP (3000 Ci/mmol; Amersham) and incubated for 25 min at room temperature. Genomic DNA was then digested by incubation with 60 ug/ml RNase-free DNase (speci®c activity=37500 u/ml; Worthington Biochemicals) for 20 min at 378C. Reactions were terminated by the addition of an equal volume of 26stop buer (2% SDS, 7 M Urea, 10 mM Tris-HCl pH 8.0, 0.35 M LiCl, 1 mM EDTA). 32 Plabeled RNA was puri®ed by proteinase K (500 ug/ml) digestion for 1 h at 428C, followed by phenol:chloroform extraction and TCA precipitation using 50 ug tRNA as carrier. RNA samples were resuspended in 100 ul of buer containing 10 mM Tris-HCl pH 7.4, 1 mM EDTA and 0.5% SDS. Samples were denatured for 10 min at 658C and added to prehybridized nitrocellulose ®lters containing immobilized cDNAs. Hybridization was performed at 428C for 84 h in buer containing 50% formamide, 66SSC, 56Denhardt's solution, 0.1% SDS and 50 ug/ml tRNA. Filters were washed once with 66SSC/0.2% SDS, once with 26SSC/0.2% SDS and twice with 0.26SSC/0.2% SDS for 30 min each at 658C. Filters were air-dried and exposed to x-ray ®lm at 7808C.
Southern blot analysis
Total genomic DNA was isolated by the DNA Isolation Kit (Boehringer Mannheim) following the manufacturer's instructions. Ten ug of genomic DNA was digested overnight with EcoRV and electrophoresed in a 0.8% agarose gel. DNA was then transferred to GeneScreen Plus membranes (NEN Life Science, Boston, MA, USA), prehybridized in DIG Easy Hyb solution (Roche Molecular Biochemicals), and then hybridized overnight at 458C with 32 P-labeled PU.1 genomic probe A (Moreau-Gachelin et al., 1989) . The Membrane was then rinsed once in 26SSC and washed for 20 min in 26SSC at room temperature followed by a 0.26SSC/0.1% SDS wash at 608C for 30 min. The membrane was then exposed to x-ray ®lm at 7808C.
PU.1 promoter analyses
Expression plasmids containing the mouse PU.1 promoter driving expression of luciferase were kindly provided by D Tenen (Harvard Medical School, Boston MA, USA) (Chen et al., 1995) . 32D cells were transiently transfected by electroporation (BTX, Electro Cell Manipulator 600). MEL cells were transiently transfected using cationic lipid reagent Tf650 (Promega), as described (Elnitski and Hardison, 1999) . Transfection eciency was normalized to b-galactosidase activity by co-transfection with a CMV.b-galactosidase reporter plasmid. The ratio between PU.1 promoter luciferase and CMV.b-galactosidase plasmids was 10 : 1. Following electroporation cells were kept on ice for 10 min and resuspended in RPMI/10% FBS with or without Epo. Cells were harvested after 17 h and luciferase activity (Luciferase Reporter Assay System; Promega) and b-galactosidase activity (b-galactosidase Enzyme Assay System, Promega, or b-Gal Kit, Clontech) determined, following the manufacturer's instructions. Results were reported as the relative luciferase units (RLU) and represent the mean and the standard deviation from the mean for three to four independent experiments.
Protein analyses
For immunoblots, exponentially growing cells were pelleted, washed once with ice cold PBS, and lysed with RIPA buer (containing protease inhibitors). Following clari®cation of the cell extract protein determinations were performed (BioRad protein determination kit, Pierce, Rockford IL, USA). Samples were fractionated on 10% SDS ± PAGE gels, under reducing conditions, transferred to PVDF membrane (Amersham Pharmacia Biotech), and then incubated with primary antibodies. Antibodies used included rabbit polyclonal anti-PU.1 antibody (SC-352; Santa Cruz Biotechnology, Santa Cruz, CA, USA), rat monoclonal anti-F-gp55 antibody (Dr Sandra Ruscetti, NCI Frederick), and rabbit polyclonal antimyc antibody (Dr A Shaw, Washington University, St. Louis MO, USA). Bound antibody was detected using Horse radish peroxidase coupled secondary antibodies and ECL reagents (SuperSignal West Dura Trial Kit; Pierce, Rockford, IL, USA).
